The C-terminus of the a-chain of tubulin is subject to reversible incorporation of tyrosine by tubulin tyrosine ligase and removal by tubulin carboxypeptidase. Thus, microtubules rich in either tyrosinated or detyrosinated tubulin can coexist in the cell. Substitution of the terminal tyrosine by 3-nitrotyrosine has been claimed to cause microtubule dysfunction and consequent injury of epithelial lung carcinoma A549 cells. Nitrotyrosine is formed in cells by nitration of tyrosine by nitric oxide-derived species. We studied properties of tubulin modified by in vitro nitrotyrosination at the C-terminus of the a-subunit, and the consequences for cell functioning. Nitrotyrosinated tubulin was a good substrate of tubulin carboxypeptidase, and showed a similar capability to assemble into microtubules in vitro to that of tyrosinated tubulin. Tubulin of C6 cells cultured in F12K medium in the presence of 500 lM nitrotyrosine became fully nitrotyrosinated. This nitrotyrosination was shown to be reversible. No changes in morphology, proliferation, or viability were observed during cycles of nitrotyrosination, denitrotyrosination, and re-nitrotyrosination. Similar results were obtained with CHO, COS-7, HeLa, NIH-3T3, NIH-3T3(TTL -), and A549 cells. C6 and A549 cells were subjected to several passages during 45 days or more in the continuous presence of 500 lM nitrotyrosine without noticeable alteration of morphology, viability, or proliferation. The microtubular networks visualized by immunofluorescence with antibodies to nitrotyrosinated and total tubulin were identical. Furthermore, nitrotyrosination of tubulin in COS cells did not alter the association of tubulin carboxypeptidase with microtubules. Our results demonstrate that substitution of C-terminal tyrosine by 3-nitrotyrosine has no detrimental effect on dividing cells.
The C-terminus of the a-chain of tubulin is subject to reversible incorporation of tyrosine by tubulin tyrosine ligase and removal by tubulin carboxypeptidase. Thus, microtubules rich in either tyrosinated or detyrosinated tubulin can coexist in the cell. Substitution of the terminal tyrosine by 3-nitrotyrosine has been claimed to cause microtubule dysfunction and consequent injury of epithelial lung carcinoma A549 cells. Nitrotyrosine is formed in cells by nitration of tyrosine by nitric oxide-derived species. We studied properties of tubulin modified by in vitro nitrotyrosination at the C-terminus of the a-subunit, and the consequences for cell functioning. Nitrotyrosinated tubulin was a good substrate of tubulin carboxypeptidase, and showed a similar capability to assemble into microtubules in vitro to that of tyrosinated tubulin. Tubulin of C6 cells cultured in F12K medium in the presence of 500 lM nitrotyrosine became fully nitrotyrosinated. This nitrotyrosination was shown to be reversible. No changes in morphology, proliferation, or viability were observed during cycles of nitrotyrosination, denitrotyrosination, and re-nitrotyrosination. Similar results were obtained with CHO, COS-7, HeLa, NIH-3T3, NIH-3T3(TTL -), and A549 cells. C6 and A549 cells were subjected to several passages during 45 days or more in the continuous presence of 500 lM nitrotyrosine without noticeable alteration of morphology, viability, or proliferation. The microtubular networks visualized by immunofluorescence with antibodies to nitrotyrosinated and total tubulin were identical. Furthermore, nitrotyrosination of tubulin in COS cells did not alter the association of tubulin carboxypeptidase with microtubules. Our results demonstrate that substitution of C-terminal tyrosine by 3-nitrotyrosine has no detrimental effect on dividing cells.
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One of the most studied post-translational modifications of tubulin is the addition or removal of a tyrosine residue at the C-terminus of the a-subunit [1] [2] [3] . Two enzymes, tubulin tyrosine ligase and tubulin carboxypeptidase, are involved in a cycle that renders two types of microtubules coexisting in cells: those enriched in tyrosinated tubulin (Tyr-microtubules) and those enriched in detyrosinated tubulin (Glu-microtubules) [4] . The carboxypeptidase selectively removes the C-terminal tyrosine from tubulin producing Glu-tubulin which, in turn, can be retyrosinated by the ligase [3, [5] [6] [7] . The ligase acts rapidly on nonassembled tubulin but not on microtubules. On the other hand, the carboxypeptidase slowly releases tyrosine from tubulin while being assembled into microtubules. Therefore, dynamic microtubules, characteristic of dividing cells, remain mainly tyrosinated whereas stable, long-lived microtubules are mainly detyrosinated because they can accumulate Glu-tubulin before being disassembled. Artificial stabilization of microtubules with the drug taxol allows rapid accumulation of Glu-tubulin in microtubules of living cells [7] . In fact, differentiated cells contain a subset of stable microtubules which are highly detyrosinated [8, 9] and, further, contain a low although significant amount of D2tubulin, an isospecies lacking also the ultimate glutamic acid residue and that cannot be retyrosinated by the ligase [5, 10] . This tubulin form has not been detected in dividing cells.
Despite many studies, the physiological role of this reaction remains unclear. As an experimental strategy, we are studying tyrosine analogues capable of being incorporated into the C-terminus of a-tubulin, and also able to alter biochemical properties of the tubulin molecule; such modification is expected to produce anomalous microtubules that affect normal cell functioning. We first chose 3-nitrotyrosine because of a report [11] that it is posttranslationally incorporated into tubulin in epithelial lung carcinoma A549 cells, affecting microtubules and some cellular functions. Recombinant ligase catalyzes incorporation of nitrotyrosine into tubulin in vitro [12] . This tyrosine derivative is elevated in many human diseases and clinical disorders [13] [14] [15] [16] . It is formed by nitration of tyrosine by nitric oxide-derived species, which originate from L-arginine via the catalytic action of NO synthases [17] . Among these NO-derived species, anionic peroxinitrite (ONOO -) causes nitration of free-and protein-bound tyrosine. The presence of this tyrosine analogue is used as a marker for oxidative events in cells and tissues. Oxidative processes involving peroxinitrite and other NO-derived species are assumed to cause protein modification and/or local cellular DNA damage, with consequent cellular injury. Studies on posttranslational nitrotyrosination of tubulin and its possible link to cellular injury [11] were the first attempt to describe at the molecular level the role of free 3-nitrotyrosine as a cytotoxic agent. In this case, morphological alterations of cells as well as microtubular networks were reported. Based on the observation that pancreatic carboxypeptidase A (which in vitro efficiently removes C-terminal tyrosine from tubulin) cannot release previously incorporated 3-nitrotyrosine, it was proposed [11] that the irreversible incorporation of nitrotyrosine into tubulin and its effects on properties of microtubules represent a distinct mechanism of cellular or tissue injury during pathological processes. Similarly, another group showed [18] that nitrotyrosine elicits neurodegenerative effects in vivo, independent of peroxinitritemediated oxidative and/or protein nitration events. The interest in oxidative biology in many areas of health care has reinforced efforts to understand mechanisms of cell injury and death during pathological conditions. Idriss hypothesized [19, 20] that the selective cytotoxic effect of TNFa (tumor necrosis factor) on tumors is related to the capability of tumor cells to escape (or not) a-tubulin nitrotyrosination. However, results presented here suggest that (a) nitrotyrosination of tubulin is not irreversible as originally reported; and (b) nitrotyrosination of tubulin is not a mechanism for cellular injury or death, at least in the cell lines we studied.
M A T E R I A L S A N D M E T H O D S

Chemicals
Unless otherwise stated, chemicals and culture media were purchased from Sigma. L-[U- C]tyrosine using sodium nitrite and oxygen peroxide [21] , and purified by twodimensional TLC.
Soluble rat brain preparation
Brains from 15-to 30-day-old-rats were homogenized in one volume (w/v) MEM buffer (100 mM Mes adjusted with NaOH to pH 6.7, containing 1 mM EGTA and 1 mM MgCl 2 ). The homogenate was centrifuged at 100 000 g for 1 h and, when indicated, the supernatant solution was passed through a column of Sephadex G-25-80 equilibrated with MEM buffer to eliminate low molecular weight compounds. Tubulin concentration in this preparation is approximately 2 mgAEmL
In vitro incorporation of tyrosine or 3-nitrotyrosine into tubulin Except when otherwise specified, the incubation medium contained, per ml, 0.9 mL soluble brain extract, 2.5 lmol ATP, 12.5 lmol MgCl 2 , 30 lmol KCl, 100 lmol Mes buffer, pH 6.7, and 3 lCi (6.7 nmol) [ At the stated times, aliquots were inactivated by addition of 2 mL 5% trichloroacetic acid and heated at 90°C for 15 min. Radioactivity bound to protein was measured in hot-trichloroacetic acid-insoluble material as described previously [22] .
Antibodies
Rabbit polyclonal antibody specific to Glu-tubulin (antiGlu) was prepared in our laboratory as described previously [4] . Polyclonal antibody specific to nitrotyrosinated tubulin (antinitro) was raised in rabbits following the technique described for antibodies specific to catecholamines [23] . In brief, 3-nitrotyrosine was bound through its amino group to keyhole limpet hemocyanin using glutaraldehyde as crosslinker. The resulting protein, after being mixed 1 : 1 with complete adjuvant, was injected subcutaneously every 15 days. The antisera were usually collected 15 days after each injection and tested for affinity and specificity and stored at )20°C. Mouse monoclonal antibodies against Tyr-tubulin (Tub1A2) and total a-tubulin (DM1A), peroxidase-conjugated rabbit antimouse IgG, rhodamineconjugated goat antirabbit, and fluorescein-conjugated goat antimouse secondary antibodies were from Sigma.
Cell culture
C6, COS-7, NIH 3T3, NIH 3T3 (TTL -), HeLa, CHO, and A549 cells were grown in Ham's F12K medium (Sigma) supplemented with 10% (v/v) fetal bovine serum (Invitrogen) at 37°C in an air/CO 2 (19 : 1) incubator. When indicated, the culture medium was Ham's F12 which contains 30 lM tyrosine as opposed to 60 lM in F12K medium. Cells were plated on plastic Petri dishes (60 mm diameter) or 24-well plates and grown for 2 days until reaching the desired final density. Culture medium was renewed every 24 h. Treatments involving cells were performed at 37°C unless stated otherwise. Stock solution of nitrotyrosine (10 mM) was prepared in 10 mM HCl.
Isolation of cytoskeletons
Cells were washed with microtubule-stabilizing buffer (90 mM Mes pH 6.7; 1 mM EGTA; 1 mM MgCl 2 ; 10% (v/v) glycerol), then extracted with 2.5 mL microtubulestabilizing buffer containing 10 lM taxol, 0.5% (v/v) Triton X-100, and proteases inhibitors (10 lgAEmL )1 aprotinin, 0.5 mM benzamidine, 5 lgAEmL )1 o-phenanthroline, 0.2 mM phenylmethanesulfonyl fluoride) at 37°C for 3 min with gentle agitation. The detergent extract was removed by suction, and the cytoskeleton fraction (which remained bound to the dish) was washed twice with 5 mL prewarmed microtubule-stabilizing buffer. Isolated cytoskeletons were immediately subjected to immunoblotting or incubated to determine carboxypeptidase activity associated with microtubules as described [24] .
Immunoblotting Cytoskeleton fractions were dissolved in 100 lL sample buffer and subjected to SDS/PAGE [25] , and the proteins were transferred to nitrocellulose sheets. The sheets were reacted overnight at 4°C with either antinitro, anti-Glu, Tub1A2, or DM1A antibody (diluted 1 : 600, 1 : 200, 1 : 1000, or 1 : 1000, respectively). Sheets treated with Tub1A2 or DM1A were incubated, after washing, with peroxidase-conjugated rabbit antimouse IgG (dilution 1 : 600), and then incubated for 1 h at room temperature in the presence of horseradish peroxidase conjugate to protein A (1 lgAEmL )1
). Color was developed using 4-chloronaphth-1-ol.
Quantification of nitrotyrosinated and Glu-tubulin
After color development, immunoblots were dried and scanned with a Duoscan T1200 (Agfa) connected to a PC, and optical density values determined using the Scion Image program. Experimental values were standardized relative to total tubulin loaded, by dividing the optical density of each band stained with antibodies to Glu-and nitrotyrosinated tubulin by that of an identical sample stained with DM1A antibody.
Capabilities of nitrotyrosinated and Tyr-tubulin to assemble into and to disassemble from microtubules ) was incorporated into tubulin from soluble brain extract. This preparation was filtered through Sephadex G-25 and mixed with three volumes of a similar soluble brain preparation kept at 0°C. The mixture was incubated at 37°C under assembly conditions (0.2 mM GTP, 40% glycerol) for 30 min, then centrifuged at 100 000 g for 10 min at 27°C. The pellet and supernatant fractions were processed to measure radioactivity bound to protein, and for immunoblot using antibodies to tyrosinated, nitrotyrosinated and total tubulin. Pellets from parallel experimental tubes were resuspended in the original volume with MEM buffer and kept cold (0°C for 30 min) with gentle stirring. The samples were then centrifuged at 100 000 g for 10 min at 0°C, and the pellet and supernatant fractions were processed to measure radioactivity bound to protein and for immunoblot as above. After immunostaining, bands corresponding to each tubulin species were quantified by densitometry. Percentage of tubulin assembly was calculated as the optical density value of the pellet (sedimented microtubules) divided by the sum of optical density values for pellet and supernatant, multiplied by 100. The same formula was used to calculate percentage of assembly from radioactivity values.
Immunofluorescence
Cells cultured on coverslips were treated as described for isolation of cytoskeletons, and fixed with anhydrous methanol at )20°C. The samples were washed, incubated with 2% (w/v) BSA in NaCl/P i for 30 min, and stained by double indirect immunofluorescence using anti-nitro and DM1A Igs (1 : 600 and 1 : 1000 dilution in NaCl/P i containing 1% goat serum, respectively). Fluorescein-conjugated antimouse IgG and rhodamine-conjugated goat anti-rabbit IgG were used simultaneously as secondary antibodies at 1 : 400 and 1 : 800 dilution, respectively. Coverslips were mounted in FluorSave and observed for epifluorescence on an Axioplan microscope (Zeiss, Germany).
Cell viability and proliferation
Percentage of viable cells was determined by Trypan Blue exclusion. To determine proliferation rate, cells in individual capsules were cultured in parallel for the stated times, and cell numbers were determined using Cell Titer 96 Aqueous One solution (Promega). When indicated, cells cultured in 60-mm dishes were scrapped off in 0.5 mL microtubulestabilizing buffer, 30 lL-aliquots were plated on a 96-well plate, and 70 lL Cell Titer 96 Aqueous One solution was added to each well. Samples were incubated for 1 h at 37°C, and optical density was measured at 455 nm to provide a direct estimate of cell number. Values represent means of triplicate determinations.
R E S U L T S Characterization of in vitro nitrotyrosine incorporation
We showed previously that 100 000 g supernatant fraction from rat brain homogenate has the capability to incorporate [ 14 C]-tyrosine into endogenous tubulin [22, 26] . Under similar conditions, [
) was incorporated into protein (Fig. 1A) . Inclusion of 1 mM nonradioactive nitrotyrosine in the incubation system led to reduced incorporation of radioactivity. In this case, as calculated from the specific radioactivity and tubulin content in the supernatant fraction, approximately 0.3 mol of nitrotyrosine was incorporated per mol of tubulin, at t ¼ 120 min. The presence of nonradioactive tyrosine (0.1 mM) competed with incorporation of radioactive nitrotyrosine, indicating a common mechanism for incorporation into protein. Western blot analysis after incorporation of nonradioactive nitrotyrosine, using antibody to nitrotyrosinated a-tubulin, showed that the tyrosine analogue was incorporated into a unique protein with mobility identical to that of a-tubulin (Fig. 1B) . Similarly, radioactive nitrotyrosine (detected by autoradiography) was incorporated into a unique protein with mobility identical to that of nitrotyrosinated tubulin as revealed by immunostaining (Fig. 1C) . Nitrotyrosinated tubulin was the only protein revealed by the antibody. No immunostaining was detected prior to incorporation of nitrotyrosine (Fig. 1B,  t ¼ 0) demonstrating the specificity of the antibody to nitrotyrosinated tubulin.
When tubulin in the 100 000 g supernatant fraction was blocked at the C-terminus by incorporation of nonradioactive tyrosine and subsequently incubated with radioactive 3-nitrotyrosine, there was essentially no incorporation of the radioactive analogue. Similarly, when tubulin was first blocked with nonradioactive nitrotyrosine and then incubated with radioactive tyrosine, no radioactivity was incorporated (data not shown). This mutual exclusion indicates that 3-nitrotyrosine and tyrosine are incorporated at the same site of the acceptor protein.
To determine whether [
14 C]nitrotyrosine is incorporated as such or modified during incubation, proteins after incorporation of [ 14 C]nitrotyrosine were subjected to hydrolysis in 6 M HCl at 100°C for 12 h, or treated at 37°C with 10 lgAEmL )1 pancreatic carboxypeptidase A. Products from both treatments were subjected to twodimensional TLC. In each case, a single radioactive spot was found, coinciding in position and shape with authentic 3-nitrotyrosine (data not shown).
These results, cumulatively, indicate that nitrotyrosine is incorporated as such into the C-terminus of the a-tubulin subunit, by the same mechanism as tyrosine.
Capability of nitrotyrosinated tubulin to assemble into microtubules in vitro
Eiserich et al. reported previously [11] that incorporation of nitrotyrosine into tubulin of cultured A549 cells led to decreased length of microtubules, and increased perinuclear localization and aggregation with consequent alteration of cell morphology. We tested in vitro the possibility that substitution of C-terminal tyrosine of a-tubulin by 3-nitrotyrosine alters the ability of the molecule to form microtubules. For this purpose, we studied the behavior of nitrotyrosinated tubulin (and of tyrosinated tubulin for comparison) during reconstitution of microtubules from soluble rat brain extract. For monitoring the tubulin isospecies, we used radioactive amino acids as well as specific antibodies.
After incorporation of [ 
These results indicate that, in vitro, the presence of a nitrotyrosine residue in place of tyrosine at the C-terminus of a-tubulin does not alter the ability of the protein to assemble into or disassemble from microtubules.
Kinetics of release of 3-nitrotyrosine from nitrotyrosinated tubulin
Two carboxypeptidases were used to study release of nitrotyrosine from nitrotyrosinated tubulin. One of them, carboxypeptidase A, catalyzes sequential release of the ultimate C-terminal amino acid (except basic residues) from peptides and proteins. The other, tubulin carboxypeptidase, participates in the physiological tyrosination/detyrosination cycle producing selective release of C-terminal tyrosine from the a-tubulin subunit [2, 7, 27] . ) produced almost no release of nitrotyrosine, whereas tyrosine was rapidly cleaved. A higher concentration of carboxypeptidase A (10 lgAEmL ) was necessary to release a significant amount (approximately 60%) of nitrotyrosine in a 1-h period. Figure 2B shows time curves for release of the same radiolabeled species as in Fig. 2A [11, 12] .
Reversible incorporation of 3-nitrotyrosine into tubulin in living cells
When C6 cells were cultured in F12K medium (see Materials and methods) in the presence of 500 lM 3-nitrotyrosine, cellular tubulin became progressively nitrotyrosinated, with maximal value after 2 days of culture (Fig. 3A) . When the culture medium was replaced by nitrotyrosine-free F12K, almost all the nitrotyrosinated tubulin disappeared during the first day without decrease of total tubulin. This result indicates rapid release of 3-nitrotyrosine from tubulin, presumably by tubulin carboxypeptidase activity. Maximal values of nitrotyrosination were obtained by changing back to F12K containing 500 lM nitrotyrosine (Fig. 3A) . When nitrotyrosinated tubulin was maximal (days 1, 2, 5 and 6 in Fig. 3A) , the amount of tyrosinated tubulin (as measured by immunoblot) was very low (data not shown), indicating that almost all C-terminal tyrosine was substituted by 3-nitrotyrosine. The possibility that the disappearance of nitrotyrosinated tubulin that occurred after elimination of nitrotyrosine from culture medium was due to protein degradation rather than to the tyrosination/detyrosination cycle, was evaluated. Under conditions in which protein synthesis was inhibited by more than 95%, the decay of nitrotyrosinated tubulin was identical to that shown in Fig. 3 (day 2-3), while the tyrosinated tubulin form increased to approximately 60% of a control without protein synthesis inhibitors (not shown). This indicates that although tubulin turnover seems to contribute significantly to the disappearance of nitrotyrosinated tubulin, the tyrosination/detyrosination at the C-terminus of a-tubulin is the main operating mechanism. Furthermore, when cells maximally nitrotyrosinated were cultured in the presence of taxol to stabilize microtubules, Glu-tubulin content was increased from 5 to 35% in a 4-h-period, indicating that active tubulin carboxypeptidase is present in the cell. During the experiment shown in Fig. 3 , number and viability of cells were determined every day. The number of cells increased during the first two days and then remained constant or increased slightly (Fig. 3B) . At any given time, the majority of the cells (> 90%) were viable. These two parameters (viability and proliferation) were similar to those of control cells (not treated with nitrotyrosine) (Fig. 3B) .
The distribution of nitrotyrosinated tubulin, compared with total tubulin, in cytoskeletons was determined by double immunofluorescence in cells cultured as in Fig. 3A . On day 0 (Fig. 4A) , as expected, no structure was stained with antibody against nitrotyrosinated tubulin (antinitro), whereas bright staining of microtubules was seen with antibody to total tubulin (DM1A) (Fig. 4B) . On day 2, brightly stained structures were observed with antinitro ]tyrosinated (,) tubulin were mixed with three volumes of a similar (unlabeled) brain preparation that had been kept at 0°C. Both mixtures were incubated at 37°C under assembly conditions (0.2 mM GTP and 40% glycerol). At the stated times, radioactivity bound to protein was measured. (Fig. 4C) , coinciding with those revealed by DM1A (Fig. 4D) . On day 4 (two days of de-nitrotyrosination), no staining was seen for antinitro (Fig. 4E) , whereas DM1A produced strong staining (Fig. 4F) . At day 6, immunostaining with antinitro and DM1A was coincident again (Fig. 4G,H) .
The proportion of assembled vs. nonassembled tubulin (approximately 80 and 20%, respectively) in C6 cells (as estimated by immunoblot) was not altered by substitution of C-terminal tyrosine by nitrotyrosine. Furthermore, proportions of nitrotyrosinated tubulin and total tubulin were the same in assembled vs. nonassembled fractions (data not shown), indicating that nitrotyrosinated tubulin is indistinguishable from normal tubulin in the assembly process. Judging by these results, substitution of tyrosine by its analogue 3-nitrotyrosine at the C-terminus of a-tubulin is not relevant to the properties of microtubules involved in vital cell functions. This concept was supported by the observation that C6 cells survived, with normal morphology and proliferation rate, when cultured in F12K medium containing 500 lM nitrotyrosine, with successive passages, during several weeks (data not shown).
Association of tubulin carboxypeptidase with microtubules in cells cultured in the presence of 3-nitrotyrosine
Tubulin carboxypeptidase is known to be associated with microtubules in living cells [24] . Isolated cytoskeletons, freed of cytosolic components, show increased content of detyrosinated tubulin (Glu-tubulin) when incubated at 37°C in vitro. We compared cytoskeletons isolated from COS cells cultured in F12K medium with or without 500 lM nitrotyrosine, in terms of the amount of tubulin carboxypeptidase associated with microtubules. Association of carboxypeptidase with microtubules has been extensively documented in these cells [24] . Rate of increase of Glutubulin during in vitro incubation was the same in both cases (data not shown), indicating that replacement of tyrosine by 3-nitrotyrosine at the C-terminus of a-tubulin is not relevant to the association of carboxypeptidase with microtubules.
Nitrotyrosination and denitrotyrosination of tubulin in different cell types
To determine whether the reversible incorporation of 3-nitrotyrosine into tubulin is restricted to C6 cells, we tested six other cell lines for the nitrotyrosination state of tubulin during a cycle of nitrotyrosination and de-nitrotyrosination. Variation of amount of nitrotyrosinated tubulin in each cell type (except 3T3/TTL -) was similar to that of C6 cells (Fig. 5A) . That is, in the presence of 500 lM nitrotyrosine (by day 3) tubulin became fully nitrotyrosinated, whereas in the absence of nitrotyrosine (from day 4-6) tubulin lost all its C-terminal nitrotyrosine. The six cell lines remained viable and divided normally during the cycle as compared with control cells cultured in the absence of nitrotyrosine (data not shown). 3T3/TTL -is a subclonal line of mouse NIH-3T3 cells which, through spontaneous mutation, are devoid of the tubulin tyrosine ligase [28] . Tubulin of TTL -cells could not be nitrotyrosinated (Fig. 5A) confirming the specificity of Tyr/nitrotyrosine incorporation into the C-terminus of a-tubulin.
Nitrotyrosination of tubulin is not detrimental for A549 cells
Presence of 500 lM nitrotyrosine in F12K culture medium led to nitrotyrosination of a-tubulin of A549 cells (Fig. 5) . The incorporated nitrotyrosine was eliminated by changing to nitrotyrosine-free medium, confirming the reversibility of the reaction. Eiserich et al. reported that nitrotyrosination of tubulin is involved in A549 cell injury [11] , but they used F12 medium (plus 10% fetal bovine serum), which has a tyrosine concentration of 30 lM. In contrast, we used F12K medium having a tyrosine concentration of 60 lM. Considering that this tyrosine concentration might be high enough to prevent full nitrotyrosination of tubulin and hence to avoid detrimental effects on the cells, we analyzed various cell parameters using F12 medium. We found that tubulin can be nitrotyrosinated and denitrotyrosinated without alteration of cell morphology or viability. Using double immunofluorescence, we examined microtubule networks of A549 cells cultured in F12 supplemented with 500 lM nitrotyrosine, as revealed with antinitro and DM1A antibodies. We examined many fields from several experiments, but observed no differences. In all cases, the images obtained with the two antibodies superimposed exactly. A representative example is shown in Fig. 5B ,C. A549 cells survived without alteration of morphology or proliferation rate when cultured in F12 medium containing 500 lM nitrotyrosine for 45 days or more (data not shown).
D I S C U S S I O N
Incorporation of 3-nitrotyrosine into the C-terminal position of a-tubulin was first described by Eiserich et al. [11] . In the present study, we used a radiolabeled tyrosine analogue to demonstrate that the unique acceptor protein is indeed tubulin, as radioactivity was bound to a single protein with the same mobility as tubulin (Fig. 1B,C) . The nitrotyrosine molecule is bound to tubulin without modification before or after its incorporation, as it was recognized by an antibody specific to nitrotyrosine (Fig. 1B) and was recovered without alteration after enzymatic or acid hydrolysis of Another biochemical characteristic of tubulin is its ability to act as substrate of the detyrosinating enzyme, tubulin carboxypeptidase. Eiserich et al. reported [11] that the incorporation of nitrotyrosine into tubulin is irreversible. This was assumed based on the inability of 0.25 lgAEmL )1 pancreatic carboxypeptidase A in vitro to release nitrotyrosine from nitrotyrosinated tubulin. This finding was confirmed in our study (Fig. 2A) . However, tubulin carboxypeptidase not carboxypeptidase A is the physiological releasing enzyme in the post-translational tyrosination/detyrosination cycle. Activity of tubulin carboxypeptidase in both tyrosinated and nitrotyrosinated tubulin was quite similar (Fig. 2B) . This suggests that the function of the tyrosination/detyrosination cycle in cells is not altered when tyrosine is replaced by nitrotyrosine at the C-terminus of a-tubulin. Furthermore, nitrotyrosinated tubulin can form microtubules in vitro as efficiently as tyrosinated tubulin (Table 1 ). These findings suggest that the presence of nitrotyrosinated tubulin instead of tyrosinated tubulin in living cells does not alter the normal assembly state of microtubules. Our experiments with living cells confirmed this assumption. Morphology, viability, and proliferation rate remained unaltered when cells were subjected to successive cycles of nitrotyrosination, de-nitrotyrosination, and re-nitrotyrosination (Fig. 3) . This indicates strongly that substitution of C-terminal tyrosine by nitrotyrosine is reversible and does not affect microtubule properties, at least those involved in vital cell functions. Several other experimental observations support this concept: (a) the close similarity of immunofluorescent patterns of microtubular networks stained with antibodies to nitrotyrosinated and total tubulin, in cells grown in the presence of nitrotyrosine (compare Fig. 4C The results presented here indicate that substitution of tyrosine by nitrotyrosine at the C-terminus of a-tubulin has no detrimental effects on normal cell function. In contrast, Eiserich et al. [11] presented data indicating that the same substitution leads to microtubule dysfunction and consequent damage to lung carcinoma A549 cells. Our results show that nitrotyrosination of tubulin does not cause cellular injury or death. This concept is supported by two facts: (a) the physiological concentration that nitrotyrosine can reach within cells or tissues is much lower than that of tyrosine; (b) the tubulin nitrotyrosination reaction is reversible and does not allow accumulation of nitrotyrosinated tubulin over time. It seems likely that the deleterious effects on cells and tissues observed by other authors [29] [30] [31] are due mostly to nitration of internal tyrosine residues of proteins, or other effects mediated by peroxinitrite and/or other secondary products of NO metabolism. (A) Cells were grown in F12K medium supplemented with 500 lM nitrotyrosine. On day 3, medium was changed to F12K without nitrotyrosine, and culture continued until day 6. Nitrotyrosinated tubulin in cytoskeleton fractions (standardized with respect to total a-tubulin) was determined daily. (B and C) A549 cells cultured on coverslips for 3 days in F12 medium containing 500 lM nitrotyrosine were processed for immunofluorescent visualization using double labeling with antibodies to nitrotyrosinated and total tubulin, respectively. Bar, 10 lm.
Recent studies have shown that the presence of a tyrosine residue at the C-terminus of a-tubulin is not necessary for survival and proliferation of cells. For example, when tubulin tyrosine ligase was inhibited by microinjection of its antibody, the cell cycle continued and cells divided even though the tubulin content was entirely Glu-tubulin [32] . NIH-3T3 (TTL -) cells, in which the ligase gene is not expressed and tubulin is comprised entirely of Glu-and D2-isoespecies, showed normal cell division and tumor formation when injected in nude mice [28] . It appears that the presence of tyrosine at the a-tubulin C-terminus does not represent a Ôswitch onÕ for cell division or other vital functions, as cultured cells can live and divide well either with Glu-tubulin or with tubulin in which tyrosine is replaced by nitrotyrosine (present study). However, we cannot yet exclude the possibility that nitrotyrosination of a-tubulin leads to anomalous behavior of microtubules involved in subtle processes, which become important when cells differentiate and/or form part of a tissue. In a relevant recent study [18] , stereotaxic injection of nitrotyrosine into mouse brain led to striatal neurodegeneration, although the nature of the amino acid bound at the C-terminus of a-tubulin in the striatum was not investigated. Further work is necessary to elucidate a possible relationship between nitrotyrosination of a-tubulin and cellular dysfunction.
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